ABSTRACT: Sound in aquaculture production systems remains poorly understood in terms of both biological effects and engineering possibilities. Open systems such as net pens and traditional ponds are increasingly being complemented by recirculating aquaculture systems (RAS). Each of these systems create soundscapes, which may have a significant effect on the high-value commercial species being farmed. The current study compared recordings of soundscapes from commercial net pens, earthen ponds, and concrete and high-density polyethylene RAS holding systems. Calibrated measurements of each acoustic habitat revealed the range and intensity of sound in each system type. Spectra of each type of holding system were overlaid with the hearing ranges and sensitivity levels of 4 commonly aquacultured fish, common carp Cyprinus carpio, European perch Perca fluviatilis, red sea bream Pagrus major and Atlantic salmon Salmo salar, and 1 crustacean, common prawn Palaemon serratus. The majority of ambient noise recorded in RAS systems and net pens fell within the 100 to 500 Hz range at or near fish hearing thresholds. While RAS systems are a markedly louder environment for species otherwise held in earthen ponds, the net pen environment clearly represents the most variable and loudest aquaculture holding system, reaching noise levels capable of eliciting a measurable physiological response in many species and revealing a likely source of chronic stress. The long-term stress response of culture animals and performance cost of inappropriate soundscapes remains undetermined. A precautionary approach and optimised system engineering is recommended to reduce the sound impact on culture animals to optimise growth performance.
INTRODUCTION
Rapidly expanding aquaculture is an essential contributor to food security and economic growth worldwide; however, optimal animal welfare and ethical aquaculture methods are key to achieving sustainable production and maintaining consumer demand (Ashley 2007 , FAO 2016 . There are numerous stressors to animals held in captive aquaculture systems and, while their effects vary, if not managed correctly these typically lead to poor welfare and compromised fish health, ultimately affecting economic profitability and risking alternative purchase responses from high-end consumers (Olesen et al. 2010) . Some stressors associated with aquaculture may be unavoidable, and the fundamental goal for successful growth and production is the optimisation of strategies and practices to effectively manage or mitigate stress (Lucas & Southgate 2012) . One stressor of increasing interest in aquaculture is noise from biotic, and more importantly, abiotic and anthropogenic sources (Popper 2003) . Hearing thresholds, where sound has been shown to elicit a physiological response, have been determined and reported for a large number of aquaculture-relevant species (Ladich & Fay 2013) . In previous physiological studies, high anthropogenic noise levels have been shown to alter fish behaviour (Sand et al. 2000 , Zhou et al. 2016 , decrease growth (Filiciotto et al. 2013) , damage hearing (McCauley et al. 2003) and increase stress responses (Wysocki et al. 2006 ), all of which may impact aquaculture production efficiency.
Potentially stressful soundscapes from production systems for commercially valuable aquaculture species remain, however, poorly investigated. There is a lack of information on aquaculture soundscapes and, in particular, a dearth of studies related to the variety of commercial production systems worldwide. Previous studies on noise and aquaculture species welfare in response to underwater sound are largely eco-physiological and relate to bentho-pelagic fish ex posed to randomised anthropogenic noise in open seas and coastal areas (Filiciotto et al. 2013) . Other preliminary studies of aquaculture species are limited to responses to extreme anthropogenic noise events, such as pile-driving and sounds exceeding 170 dB re µPa (Edmonds et al. 2016 , Zhou et al. 2016 . Bart et al. (2001) showed that the sound produced in concrete tanks and ponds and fiberglass tanks are loudest in the low-frequency region (25 to 1000 Hz) and within the hearing range of teleosts. Playbacks of soundscapes intended to simulate offshore (boat noise) and onshore (concrete tank) aquaculture environments have recently been shown to significantly affect oxidative status and immune/stress indicators in juvenile bream Sparus auratus (Filiciotto et al. 2017) . Long-term exposure to inappropriate soundscapes, which can cause chronic stress in laboratoryheld rats Rattus norvegicus domesticus and compromise animal health and welfare in farmed pigs Sus scrofa domesticus, remain uninvestigated in aquaculture species (Van Raaij et al. 1996 , Talling et al. 1998 .
Aquaculture animals are exposed to a series and variety of system soundscapes throughout their production cycle. Pond and sea cage/net pen systems dominate finfish production worldwide (FAO 2016) . Net pens are the primary method of production for salmonids and marine finfish; in excess of 5 million t of Atlantic salmon Salmo salar are produced per year worldwide in temperate and sub-polar waters (FAO 2016) . Also, large-scale European sea bass Dicen trarchus labrax and sea bream Sparus aurata net pen operations exist in the Mediterranean (Barazi-Yeroulanos, 2010) . Earthen-lined and concrete pond systems in Asian nations are overwhelmingly the largest producers of finfish (FAO 2016) . They are also pivotal in pro duction of several species of shrimp and other high-value invertebrates worldwide with ex port markets of several million tonnes annually (FAO 2016) . Re cently, industry growth has been starkly im pacted by space limitations and disease, while food safety and environmental concerns have impacted consumer acceptance (Ha et al. 2013 ). There is growing demand for ecologically sustainable, ethically produced high-end aquaculture products (FAO 2010 (FAO , 2014 . With increasing commercial pressure to efficiently use limited open aquaculture sites for on growing only, juvenile and early adult lifestage finfish are increasingly being held for longer periods in land-based recirculating aquaculture systems (RAS) (Joenson 2016) . RAS systems are also increasingly im portant for the full production-cycle holding of high-value invertebrate species such as whiteleg shrimp Litopenaeus vannamei, as well as finfish, e.g. yellowtail kingfish Seriola lalandi. Each of these systems represent acoustic habitats worthy of more in-depth investigation in aquaculture research due to their potential link to possible behavioural or physiological effects on culture animals which may impact performance characteristics.
In the following study, passive acoustic recordings were made in 4 holding systems representing commercial aquaculture production worldwide: offshore net pens in New Zealand, onshore earthen ponds in Indonesia and onshore RAS systems constructed from concrete and high-density polyethylene (HDPE) in Germany. The soundscapes of each were compared with reported sound sensitivity thresholds for the most important aquaculture species available. Implications for production system choice and species limitations are reported.
MATERIALS AND METHODS

Locations and production systems
Passive acoustic recordings of underwater sound were performed in operating RAS, pond and net pen aquaculture systems. In all cases, except in ponds, continuous 24 h recordings were made using a ST300 hydrophone (Oceaninstruments; flat frequency response 20 Hz to 60 kHz) at 48 kHz, giving an upper analysable frequency limit of 24 kHz. All hydrophones were calibrated using a sound calibrator (G.R.A.S. Type 42AB) producing a 1 kHz signal at 114 db re 1µPa. In ponds, due to access and time constraints, only 3 representative ca. 2 min recordings were made from 3 ponds during normal operation. The pond recordings were made during daytime with fully operational paddlewheels at and directly after feeding. . While RAS systems vary widely, particularly in terms of depth and tank size and make, the systems at Grevesmühlen are broadly representative of RAS systems used around the world in terms of sound sources. Each system consists of a moving-bed RAS biofiltration system, a solids removal drum filter connected to 2 large free-standing tanks each of ca. 80 m 3 total volume and tank dimensions ca. 35 × 5 × 1 m (length × width × height) and filled to a water depth of ca. 0.7 m. One system is made of ultra-high density cement slabs with a wall thickness of 50 mm, the other system is made of HDPE plate with a thickness of 10 mm. Whiteleg shrimp Litopenaeus vannamei are held at densities of up to 3.5 kg m −3 or ca. 150 animals m −2 within the tanks. In addition to standard filtration components, potential sound sources in the RAS systems include water pumps, air injection systems and reverse flushing spray units on the drum filters. Hydrophones were hung midwater (0.4 m depth and 0.3 m to the nearest surface) centrally in tanks at 3 points equidistant from tank walls but at increasing distance along the tank length from the water processing system/pump house.
Recordings in pond systems were made at a small commercial whiteleg shrimp L. vannamei facility in Kraksaan, Probolinggo/Malang, East Java, Indonesia, on 20 November 2017. The farm consists of 5 polyethylene film-lined earthen ponds of ca. . Potential sound sources in the pond systems are limited to surface aeration units (paddlewheels) only. Hydrophones were hung midwater (0.5 m depth and 0.75−1.0 m to the nearest surface) in ponds at 3 points (from access walkways above the ponds) equidistant from pond walls and from paddlewheels.
Recordings were made at 3 points (1 in the centre of the farm and 2 at farm edges) at the NZ King Salmon Farm at Ruakaka Bay, Marlborough Sounds, New Zealand, between 6 and 11 December 2016. Recordings were also made at 3 reference sites to compare the sound generated by the farm to ambient/background marine sound. The farm consists of 12 net pens with a surface area of 225 to 250 m 2 and a depth of 15 m mounted on a floating barge and floating HDPE walkway system. Net pens were stocked with varying densities and sizes of Chinook salmon Oncorhynchus tshawytscha. In addition to the floating structures and the stocked fish, potential sound sources included access vessels, an associated feed barge, oxygen storage, compressed air automated feeders and a temporary handling facility linked to the site. Hydrophones were hung at 3 points to a depth of ca. 2.5 m at the pen edge (1 m to the nearest surface), within a net pen and from an access walkway ca. 1 m beyond the pen edge. Recordings at reference sites were made at 2.5 m depth. Reference sites were a navigation buoy (nav. buoy) within the shipping lane of an associated sound (representative of a highly anthropogenically im pacted soundscape), a jetty mooring (jetty) in a quiet bay 1.2 km from the farm and a mooring buoy (mooring) ca. 2 km from the farm (representative of background noise levels).
Sound processing and analysis
For net pen and RAS data, RMS levels of the power spectral density (PSD), 1st, 5th, 50th, 95th and 99th percentiles and spectra probability density (SPD) were calculated for each tank position as 5 min averages of the 24 h recording. The percentage of recordings with boat noise in them was determined on these 5 min averages. To compare the ponds from Indonesia to those of the RAS systems from Germany and net pens from New Zealand, RMS levels of the PSD were plotted. All sound spectral analyses were carried out in MATLAB using scripts adapted from PAMGuide (Merchant et al. 2015) . These spectra were visually assessed to examine general trends in acoustic behaviour. In order to determine the actual impact on key aquaculture species, both physiological and behaviourally determined hearing threshold data from the literature was manually overlaid onto PSD plots of soundscapes in each aquaculture system. Key species selected were common carp Cyprinus carpio, Atlantic salmon Salmo salar, European perch Perca fluviatilis, red sea bream Pagrus major and common prawn Palaemon serratus.
RESULTS
Overall, sound levels were consistently higher at the net pen farm, ranging from 107 to 112 dB re 1µPa, depending on hydrophone position within the farm. These levels were higher compared to 2 of the control sites, jetty and mooring, which ranged from 98 to 99 dB re 1µPa (Table 1 ). The location of the hydrophone in the RAS system affected overall sound levels: closer to the pump house was louder than the opposite end of the tank. Type of tank also affected the sound levels, with HDPE being on average slightly quieter than concrete tanks ( Table 2 ). The quietest system was the earthen pond (Table 2) .
PSD levels at the nav. buoy associated with a shipping channel (Fig. 1F) site were similar to all locations at the salmon farm site. All sites exhibited a large amount of variability in PSD levels, with differences between the 1st and 99th percentiles ranging from 20 to 60 dB. The inside net pen farm site (Fig. 1C) had an unusual notch in the PSD between 200 and 700 Hz which was not observed at any of the other recording sites. Both the outside net pen farm sites (Fig. 1A,B ) had higher PSD levels between 20 and 1000 Hz compared to the mooring and jetty sites, which only had increased low-frequency PSD levels between 30 and 100 Hz. Above 1000 Hz, the net pen farm sites were also louder than all control sites.
The only notable differences between the 2 RAS systems was that the concrete tanks were louder on average and that position in relation to the pump house influenced the recorded sound levels. Below 1000 Hz, there was <1.5 dB difference between the 1st and 99th percentiles, indicating there was little variation in PSD in both the indoor tank types and hydrophone position in relation to the pump house. However, above 1000 Hz, there was large variation between 5 and 20 dB between the 1st and 99th percentiles (Fig. 2) . On average, the variability of measured sound in net pen systems was much greater than in the indoor RAS systems.
The short-term analysis of the earthen pond recordings showed that sound levels were markedly lower compared to the indoor RAS system and the outdoor net pen farm (Fig. 3) . In the frequency band 30 to 300 Hz, the outdoor pond system was on the order of 10 to 30 dB quieter than both indoor RAS systems and the outdoor net pen system (Fig. 3) .
Both the indoor RAS systems and the outdoor net pen farm produced significant noise at low frequencies, <500 Hz, which fall within the most sensitive part of the hearing range of the large majority of aqua culture species (Figs. 4 & 5) . For example, the noise produced by indoor RAS systems and outdoor net pen systems met or exceeded the physiological and behaviourally determined hearing thresholds of common carp, At lantic salmon and European perch at 100 Hz (Figs. 4 & 5) . The earthen pond shrimp system did not exceed the hearing thresholds of the 5 represented aquaculture species except the common carp between 500 and 1000 Hz.
DISCUSSION
Quantifying the full range of soundscapes in aquaculture production systems is essential to understanding the role of sound as a potential stressor to varying (motile) aquaculture species. In this study, original recordings were analysed, not only from land-based systems (concrete RAS, HDPE RAS and earthen ponds) but also sea-based systems (net pens), showing that net pen culture systems were considerably louder and more variable compared to RAS and earthen pond systems, with earthen pond systems being the qui- Table 2 . Sound levels (dB re 1µPa) at the recirculating aquaculture system (RAS) site in Grevesmühlen, Germany, and the pond aquaculture site in East Java, Indonesia. RMS; root mean square ± SE; 95%: 95th percentile; 5%: 5th percentile; HDPE: high-density polyethylene The plastic tanks were on average quieter than the concrete tanks and the end of the tank furthest from the pump house was also the quietest location within the tank systems etest. Furthermore, the majority of the sound produced or associated with all aquaculture production systems was greatest at low frequencies (<1000 Hz), which is within the hearing range of fish and crustaceans, in particular aquaculture candidate species. The sound conditions that aquaculture species are exposed to have the potential to cause chronic stress and affect performance, health status and immune responses, and thus need to be understood in a differentiated manner (Filiciotto et al. , 2017 . The level of variability exhibited by the net pen culture system compared to all other production systems analysed can be attributed to the openness of the system, the site and the extraneous sources of (Kojima et al. 2010 ); closed diamond: common prawn Palaemon serratus (Lovell et al. 2005) . Atlantic salmon, European perch and common carp would be the only fish that could potentially detect the noise from RAS or outdoor net pen aquaculture, whereas only the common carp could potentially detect earthen pond culture noise sound from the environment, as much as the aquaculture production system itself. The sources of these sounds can be abiotic, biotic or anthropogenic. Abiotic or physical sources include wind, rain and water turbulence, biotic sources are those produced by living organisms, and anthropogenic sources are manmade sources, such as boat sounds or oxygen injectors and pumps. The recordings were conducted under ideal weather conditions, with little wind and no rain, therefore abiotic sources are not likely to have been responsible for the observed variation. A range of sound-producing animals can be found in the farm vicinity, including bluefin gurnard Chelidonichthys kumu and snapping shrimp Alphaeus sp. (Radford et al. 2016) . It is unlikely that the bluefin gurnard are present in sufficient numbers to cause the variability observed in the low frequencies (<1000 Hz); however, it is highly likely that the density of snapping shrimp is large enough to be responsible for the variability at higher frequencies. Due to a constant source of uneaten salmon feed and faeces, the shrimp are likely to be present in greater numbers under the farm, which potentially explains the difference between the control and farm sites in this frequency band Anthropogenic noise in the form of boats servicing the salmon farm, recreational craft or distant commercial activity drives the variability observed in the low frequencies (<1000 Hz). Boat noise, from either commercial or recreation sources, has been shown to influence fish in numerous ways, from behavioural effects to physiological damage (Sand et al. 2000 , McCauley et al. 2003 , Wysocki et al. 2006 , Zhou et al. 2016 ). Fish at high density, as is generally the case in aquaculture, potentially already encounter a number of external stressors. Boat noise contributing to an unsuitable soundscape has the potential to add further stress to cultured animals. (Popper 1972) ; open triangle: Atlantic salmon Salmo salar (Hawkins & Johnstone 1978) ; closed square: European perch Perca fluviatilis (Wolff 1967) ; open square: red sea bream Pagrus major (Kojima et al. 2010) . European perch, common carp and Atlantic salmon could potentially detect the noise from the RAS and outdoor net pen systems, whereby Atlantic salmon and common carp could potentially detect the noise from the earthen pond system While biotic and many abiotic sounds are difficult or impossible to control, limiting access of recreational or otherwise non-essential motorboats to near-farm sites may be a first step in reducing sound stress at net pen sites. If in open systems, biotic and external anthropogenic sounds present external challenges in terms of mitigation and control, in RAS systems, challenges are almost entirely related to system design. The engineering considerations for RAS are manifold and include cost and operational practicality, among others. However, if it is apparent or possible that the acoustic habitat will affect the culture species performance in terms of growth (especially sensitive juvenile life stages), then sound, particularly in hightech systems such as RAS, will become an additional aspect to consider in aquaculture engineering. Proximity to pumping and biofiltration increases loudness, thus simple distancing of holding tanks from water treatment is recommendable. In addition, quieter pumps and water flows (low surface impact) can reduce system sound. Aeration/oxygen injection produces significant noise as bubbles collapse; however, the production of microbubbles can increase frequencies to beyond hearing thresholds. Alternatively, oxygenation can be carried out in cone systems separate (and distant) from holding tanks.
While sound in varying aquaculture production systems is clearly within the behaviourally and physiologically determined hearing ranges of key species, the effects of inappropriate soundscapes may also differ strongly between culture species, not only as a result of physiological ability to perceive sound, but also of their behaviour. Shrimp or flatfish species, for example, primarily remain on the floor, walls and other surfaces within RAS tanks and may thus be exposed to different soundscapes and greater transmission from the vibrations in/on the tank itself compared to pelagic fish (Roberts & Elliott 2017) . In modern commercial aquaculture, particularly in the case of finfish, it is highly likely that an animal will experience several of the studied production systems in its life cycle (Joenson 2016) . It remains undetermined how key aquaculture species adapt to abrupt changes in perceived ambient sound and whether, for example, a juvenile finfish bred in RAS experiences an additional adaptation stressor when moved to net pens due to the altered soundscape. It is also important to note that sensory structures may change and hence function differently in aquacultured animals. For example, Reimer et al. (2017) showed that in Atlantic salmon Salmo salar, the mineral composition of the otoliths (hearing structures) change from aragonite to vateritic, which causes a possible 28 to 50% decrease in normal function. Hearing the sound does not directly imply the sound will induce stress. A multitude of factors, such as sound intensity, exposure duration and animal behaviour, all contribute to whether the sound will cause stress in the species in question (Slabbekoorn et al. 2010) .
To the authors' knowledge there has only been one other study investigating the sound levels in aquaculture systems. Bart et al. (2001) reported sound levels produced by an indoor raceway system and an outdoor earthen pond, which were similar to both the RAS and earthen pond systems recorded in the present study. As with the current study, the raceway system was louder than the earthen pond system recordings. Fibreglass tanks were found to be louder than concrete-based raceway tanks (Bart et al. 2001) . Here, concrete tanks were compared to HDPE tanks, and the HDPE tanks were 2 to 3 dB quieter. Recording location within the tank is also critical. Like Bart et al. (2001) , we found that recording location, in particular proximity to the pumps, resulted in different sound conditions. This makes sense because the acoustics of tanks is very complex, due to the constrained sound propagation conditions (Parvulescu 1967 ).
In conclusion, net pen systems were the loudest aquaculture production system examined, most likely because of the effect of boat noise due to service vessels or other transiting boats. All net pen cultured fish (with the exception of Atlantic bluefin tuna Thunnus thynnus), including salmon, sea bass and sea bream, are grown out in net pens following breeding in land-based tanks and RAS systems. These animals may be under a considerable amount of stress from a variety of inappropriate soundscapes, potentially affecting animal health and growth rates. RAS systems are comparatively loud and might cause stress in more sensitive species or early life stages. However, through innovative engineering, such as technology to reduce or distance pump and bubble noise from holding tanks, RAS has the potential to be much quieter. Earthen ponds are examples of best practice in terms of reducing the stress induced by noise and represent a target noise level for novel production systems to aim for. Many questions remain open in terms of aquaculture soundscapes and the species exposed to them. The role of acclimation and adaptation amongst culture species is unresearched, as is the potential for 'positive sounds' in systems. Future studies are further necessary to determine the impact of chronic sound exposure in key aquaculture species.
